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degenerin/epithelial Na ϩ channel; pulmonary hypertension; calcium current; capacitative calcium entry; sodium current; psalmotoxin 1; vascular reactivity A NOVEL FAMILY of voltage-insensitive, cationic channels has recently been identified in vascular smooth muscle (VSM). Members of the degenerin/epithelial Na ϩ channel (DEG/ ENaC) family share amino acid homology and a common topology, consisting of short intracellular NH 2 and COOH termini and two membrane-spanning domains separated by a large extracellular domain (43) . Despite being highly conserved, this family of ion channels appears to be activated by markedly distinct stimuli and participates in diverse biological processes. Two members of this family, ENaC (␣, ␤, ␥, and ␦) and acid-sensing ion channels (ASIC 1-4), have been identified in mammals and form homomeric or heteromeric ion channels consisting of three subunits. ENaC proteins are expressed in a diverse range of cell types but are highly expressed in epithelial cells of the kidney, lung, and colon, where they play a ratelimiting role in Na ϩ and water transport (5, 8, 16, 17, 31, 43) .
ASICs are widely distributed in the central and peripheral nervous system where they are thought to induce neuronal depolarization and action potential generation in response to decreases in extracellular pH (31, 41, 57) . Recently, however, multiple subunits for both ENaC and ASIC have been found in VSM from cerebral, renal, and mesenteric arteries where they play an important role in mechanotransduction of the myogenic response and VSM migration (13, 18, 19, 25, 26) . Although these ion channels also appear to be expressed in pulmonary VSM, their function in this cell type is unknown. Contraction of VSM is dependent on a combination of Ca 2ϩ influx across the plasma membrane, release of Ca 2ϩ from intracellular stores, and sensitization of the contractile apparatus to Ca 2ϩ . The release and depletion of Ca 2ϩ from intracellular stores stimulates Ca 2ϩ entry across the plasma membrane through activation of Ca 2ϩ -permeable ion channels. This phenomenon is termed store-operated Ca 2ϩ entry (SOCE) or capacitative calcium entry. Unlike many systemic vascular beds, activation of SOCE in the pulmonary circulation elicits smooth muscle contraction, suggesting SOCE plays a significant physiological role in regulation of pulmonary vascular resistance. Indeed, SOCE has been linked to important vasoregulatory mechanisms such as hypoxic pulmonary vasoconstriction and receptor-mediated arterial constriction (50, 60) . Furthermore, it has become increasingly evident that intracellular Ca 2ϩ handling pathways in pulmonary VSM and endothelial cells are markedly altered in pulmonary hypertension (14, 27, 40, 55, 65) . Although SOCE appears to play a prominent role in the pulmonary circulation, little is known about the channels and proteins involved in mediating SOCE. The goal of this study is to characterize ASIC in pulmonary VSM and determine their contribution to SOCE.
Although DEG/ENaC family members are commonly known for their high permeability to Na ϩ , recent evidence suggests that some channels conduct Ca 2ϩ as well (62, 64) . ASIC1a has gained considerable attention as the Ca 2ϩ -permeable subunit involved in acidosis-mediated glutamate receptorindependent neuronal injury (62) . In addition, another DEG/ ENaC family member found in Caenorhabditis elegans, MEC-4, has been shown to conduct Ca 2ϩ , which requires Ca 2ϩ release from the endoplasmic reticulum (ER) to promote neuronal death (6, 63) . The observations that ASIC1 conduct Ca 2ϩ and MEC-4 is involved in Ca 2ϩ release from the ER support our present findings that ASIC1 contributes to SOCE in pulmonary VSM.
METHODS
All protocols employed in this study were reviewed and approved by the Institutional Animal Care and Use Committee of the University of New Mexico School of Medicine (Albuquerque, NM).
Cannulation and Endothelial Disruption of Small Pulmonary Arteries
Male Sprague-Dawley rats (250 -300 g body wt, Harlan Industries) were anesthetized with pentobarbital sodium (200 mg/kg ip), and the heart and lungs were exposed by midline thoracotomy. The left lung was removed and immediately placed in ice-cold physiological saline solution (PSS) [pH adjusted to 7.4 with NaOH containing (in mM) 130 NaCl, 4 KC1, 1.2 MgSO 4, 4 NaHCO3, 1.8 CaC12, 10 HEPES, 1.18 KH2PO4, 6 glucose, 0.03 EDTA]. Fourth-order intrapulmonary arteries (100-to 150-m inner diameter, i.d.) of ϳ1-mm length and without visible side branches were dissected free and transferred to a vessel chamber (Living Systems, CH-1). The proximal end of the artery was cannulated with a tapered glass pipette, secured in place with a single strand of silk ligature, and gently flushed to remove any blood from the lumen. The vessel lumen was then rubbed with a strand of moose mane to disrupt the endothelium. After cannulation of the distal end, the vessel was stretched longitudinally to approximate its in situ length and pressurized with a servo-controlled peristaltic pump (Living Systems) to 12 mmHg. The effectiveness of endothelial disruption was verified by the lack of a vasodilatory response to ACh (1 M). The vessel chamber was transferred to the stage of a Nikon Eclipse TS100 microscope where the vessel was superfused with PSS. Bright-field images were obtained with an IonOptix CCD100M camera, and dimensional analysis was performed by IonOptix Sarclen software to measure i.d.
Isolation and Culture of Pulmonary Arterial Smooth Muscle Cells
Fourth-order intrapulmonary arteries were collected and enzymatically digested in reduced Ca 2ϩ HBSS containing papain (9.5 U/ml) and dithiothreitol (1 mM) at 37°C for 30 min. Following digestion, single smooth muscle cells were dispersed by gentle trituration with a fire-polished pipette in Ca 2ϩ -free HBSS, and the cell suspension was placed on 25-mm glass coverslips. Pulmonary arterial smooth muscle cells (PASMCs) were either used immediately for experiments or cultured in Ham's F-12 media supplemented with 1% FBS and 1% penicillin/streptomycin for 4 -5 days in a humidified atmosphere of 5% CO 2-95% air at 37°C. Cellular purity was Ͼ95%, as assessed by morphological appearance under phase-contrast microscopy and immunofluorescence staining for smooth muscle ␣-actin.
Fura-2 Loading of VSM in Isolated Small Pulmonary Arteries and Primary Cultured PASMC
Pressurized arteries were loaded abluminally with the Ca 2ϩ -sensitive fluorescent indicator fura-2 AM (2 M and 0.05% pluronic acid, Molecular Probes) in PSS as previously reported (23, 27, 28) . Arteries were incubated in this solution for 45 min and primary cultured PASMC for 15 min at room temperature in the dark and then rinsed for 20 min with PSS (37°C) after the loading period to wash out excess dye and to allow for hydrolysis of AM groups by intracellular esterases. Fura-2-loaded vessels and cells were alternately excited at 340 and 380 nm at a frequency of 1 Hz with an IonOptix Hyperswitch dual excitation light source, and the respective 510-nm emissions were detected with a photomultiplier tube. Background-subtracted 340/380 emission ratios were calculated with IonOptix Ion Wizard software and recorded continuously throughout the experiment, with simultaneous measurement of i.d. from red-wavelength bright-field images for vessels as described above.
Transfection of Primary Cultured PASMC with siRNA
To determine if individual ASIC isoforms contribute to SOCE in pulmonary VSM, we used siRNA (100 nM) to suppress expression as previously described (19) . Briefly, PASMC were transfected using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Validated siRNA molecules, directed to ASIC1, ASIC2, and ASIC3 (ASIC1: ID 52768; ASIC2: ID 197232; ASIC3: ID 47195), were obtained from Ambion. As a negative control, we 1) studied PASMC following transfection with Lipofectamine alone and 2) used a nontargeting (NT) siRNA control molecule that activates the RNA Induced Silencing Complex (RISC; Dharmacon). Following a 4-h incubation, cultures were supplemented with growth media for 72 h before study. To determine the extent of siRNA suppression of ASIC expression, we used Western blot analysis as described below. ]i is represented as a change (⌬) in the fura-2 emission ratios (F340/F380) from baseline.
Measurement of VSM SOCE
Mn 2ϩ quenching of fura-2 fluorescence. SOCE was additionally quantified by quenching of fura-2 fluorescence with Mn 2ϩ , which enters the VSM as a Ca 2ϩ surrogate and reduces fura-2 fluorescence on binding to the dye. Pulmonary arteries and primary cultured PASMC were loaded with fura-2, as previously described. Fura-2 was excited at 360 nm, and emission light was recorded at 510 nm. At the excitation wavelength of 360 nm, fura-2 fluorescence intensity is not influenced by [Ca 2ϩ ]i changes; therefore, changes in fluorescence are assumed to be caused by Mn 2ϩ alone. After stable baseline fluorescence was attained, store-operated channels were activated by superfusing the vessel with Ca 2ϩ -free PSS (without EGTA) containing diltiazem (50 M) and CPA (10 M) for 15 min. MnCl2 (500 M) was added to the superfusate for 10 min. Parallel experiments were performed in the presence of amiloride (30 M), benzamil (10 M), or PcTX1 (100 ng/ml) and following transfection with siRNA. Mn 2ϩ quenching of fura-2 fluorescence was calculated as percent change in intensity (F; 10 min post-MnCl 2) from baseline fluorescence intensity at time 0 (F0).
Measurement of CPA-Induced Ca 2ϩ and Na ϩ Current
Freshly isolated and primary cultured PASMC were superfused under constant flow (2 ml/min) at room temperature (ϳ23°C) in an extracellular solution [containing (in mM): 130 sodium methanesulfonate, 1.8 calcium aspartate, 0.5 3,4-diaminopyridine, 10 HEPES, 10 glucose, 0.05 diltiazem, and titrated to pH 7.4 with methane sulfonic acid]. To examine Ca 2ϩ and Na ϩ currents separately, this extracellular solution was modified either by 1) replacing calcium aspartate with 3.68 mM EGTA to allow Na ϩ to be the only charge carrier or 2) replacing sodium methanesulfonate with 120 mM tetraethylammonium aspartate and increasing the concentration of calcium aspartate to 5 mM to allow Ca 2ϩ to be the only charge carrier. The intracellular recording solution was composed of the following (in mM): 138 cesium aspartate, 1.15 EGTA, 1 Ca(OH) 2, 2 Na2ATP, 10 HEPES, titrated to pH 7.2 with 1 M CsOH. The osmolarity of all solutions was adjusted to 290 -300 mosmol/l with sucrose. Currents were recorded in the conventional whole cell patch-clamp configuration in voltage-clamp mode. SERCA was inhibited with the inclusion of CPA (10 M) to the extracellular solution. Whole cell current was monitored at a holding potential of Ϫ50 mV. Voltage steps were applied from Ϫ80 to ϩ80 mV in 10-mV increments and 200-ms duration with 2-s intervals before and after stabilization of the CPA-induced inward current. Baseline current was subtracted from each voltage step to obtain accurate store-operated current measurements. A holding potential of 0 mV between each voltage step was chosen to inactivate L-type VGCC that may be present. In addition, these experiments were performed in the presence of diltiazem (50 M). All current was normalized to cell capacitance to obtain current density (pA/pF), and current voltage (I-V) relationships were generated from the last 50 ms of each stimulus.
Immunofluorescence of ASIC in Lung Sections and PASMC
The right and left lungs were fixed and mounted in paraffin as described previously (29) . Lung sections were rehydrated, and antibody-antigen binding was enhanced by an antigen retrieval method in which sections were boiled for 5 min in 50 mM Tris (pH 9.0) buffer. PASMC were enzymatically dissociated as above and fixed in 4% paraformaldehyde for 10 min. All samples were permeabilized with 0.1% Triton X-100 and blocked with 5% normal donkey serum (NDS) in PBS for 1 h before addition of primary antibodies plus 5% NDS in PBS overnight at 4°C. Rabbit anti-ASIC1, rabbit anti-ASIC2, and rabbit anti-ASIC3 antibodies (1:100, Chemicon) were used for immunostaining. All samples were colabeled with mouse anti-smooth muscle ␣-actin (SM␣-actin; 1:200, Sigma). The samples were rinsed with PBS and then exposed to secondary antibody [Cy-5 conjugated donkey anti-mouse IgG (1:100) and Cy-3 conjugated donkey antirabbit F(abЈ) 2 (1:100, Jackson Immunologicals)] in 5% NDS for 1 h. Sample specific binding of the antibody was determined by using antigenic peptide. Samples were treated as above, except the primary antibody was preincubated overnight at 4°C with excess antigenic peptide (ϩAG; 10 g/ml for ASIC1 and ASIC3 and 3 g/ml for ASIC2). Nonspecific binding of the secondary antibody was determined by omitting primary antibody (NP). Samples were examined using the University of New Mexico Cancer Center Fluorescence Microscopy Facility (Zeiss LSM510 confocal microscope; http:// hsc.unm.edu/crtc/microscopy/facility.html).
Western Blotting
ASIC expression in pulmonary arteries and primary cultured PASMC was assessed using Western blotting procedures. To obtain sufficient tissue for analysis, intrapulmonary arteries (ϳ2nd-5th order) from the left and right lungs were dissected from accompanying airways and surrounding lung tissue in PSS. Cultured cells were washed in PBS, and then each sample was homogenized in 10 mM Tris ⅐ HCl homogenization buffer containing 255 mM sucrose, 2 mM EDTA, 12 M leupeptin, 1 M pepstatin A, 0.3 M aprotinin, and 1 mM phenylmethylsulfonyl fluoride (all from Sigma). Samples were centrifuged at 10,000 g for 10 min at 4°C to remove insoluble debris. The supernatant was collected, and sample protein concentrations were determined by the Bradford method (Bio-Rad Protein Assay). Control experiments were conducted using different concentrations of protein to ensure linearity of the densitometry curve, which varied from 5 to 50 g per lane depending on the tissue and antibody. Pulmonary artery lysates and primary cultured PASMC were separated by SDS-PAGE (7.5% Tris ⅐ HCl gels, Bio-Rad) and transferred to polyvinylidene difluoride membranes. Blots were blocked for 1 h at room temperature with 5% milk and 0.05% Tween 20 (Bio-Rad) in TBS containing 10 mM Tris ⅐ HCl and 50 mM NaCl (pH 7.5). Blots were then incubated overnight at 4°C with rabbit anti-ASIC1, -ASIC2, or -ASIC3 (1:500) and rabbit anti-␤-actin (Abcam). For immunochemical labeling, blots were incubated for 1 h at room temperature with goat anti-rabbit IgG-horseradish peroxidase (1:3,000; Bio-Rad). After chemiluminescence labeling (ECL, Pierce), ASIC and ␤-actin bands were detected by exposing the blots to chemiluminescencesensitive film (Kodak). Quantification of the bands was accomplished by densitometric analysis of scanned images (SigmaGel software, SPSS). To determine specificity of the ASIC antibodies, samples were treated as above except the primary antibody was preincubated overnight at 4°C with excess antigenic peptide. ASIC bands from siRNAtransfected cells were normalized to those of ␤-actin.
Calculations and Statistics
All data are expressed as means Ϯ SE. Values of n refer to 1) number of animals in each group for isolated pulmonary arteries, 2) number of 35-mm dishes derived from at least three rats for primary cultured PASMC, and 3) number of cells from at least three animals for electrophysiology experiments. A one-way ANOVA was used to make comparisons when appropriate. If differences were detected by ANOVA, individual groups were compared with the Student-Newman-Keuls test. A probability of P Ͻ 0.05 was accepted as significant for all comparisons.
RESULTS
Although amiloride and benzamil are routinely used to inhibit DEG/ENaC family members (31) , there are potential complications of these pharmacological inhibitors that we have successfully resolved in validation studies described in the Supplemental data section (Figs. S1-S3; Supplemental data for this article is available online at the AJP-Lung web site).
Inhibition of ENaC/ASIC Attenuates SOCE in Pulmonary VSM
SOCE is thought to be an important mode of Ca 2ϩ entry in pulmonary VSM leading to vasoconstriction (51 ] o is replenished (SOCE) in isolated small pulmonary arteries (Fig. 1, A and B) . The ENaC/ASIC inhibitors amiloride and benzamil reduced SOCE in a concentrationdependent manner, summarized in Fig. 1, C and D. Consistent with findings from Robertson et al. (51) and previous work from our laboratory (23), we observed SOCE-mediated vasoconstriction (40 -50% of baseline i.d.), which was also attenuated by amiloride and benzamil (Fig. 1, E and F) . For the remaining experiments in this study, only the highest concentrations of amiloride (30 M) and benzamil (10 M) were used. Similar to effects of amiloride and benzamil on responses to Ca 2ϩ repletion, Mn 2ϩ quenching of fluorescence was markedly decreased in small pulmonary arteries following pretreatment with amiloride or benzamil (Fig. 2, A and B) . Figure 2A depicts temporal changes in fura-2 fluorescence before and after addition of MnCl 2 . Mn 2ϩ resulted in a progressive quenching of the fura-2 signal. Approximately 46% of the fura-2 signal was quenched 10 min after addition of MnCl 2 (Fig. 2B) . In contrast, MnCl 2 resulted in only ϳ14 -22% quenching of fura-2 fluorescence in the presence of amiloride or benzamil. These data suggest that amiloride and benzamil prevent store depletioninduced Mn 2ϩ entry, and by extrapolation Ca 2ϩ entry, into pulmonary VSM.
Since ion channel expression and function can be altered by cell culture, we repeated SOCE measurements in primary cultured PASMC to verify inhibitory effects of amiloride and benzamil in this preparation. Consistent with our findings in isolated pulmonary arteries, both amiloride and benzamil sig- (Fig. 3A) and Mn 2ϩ quenching of fura-2 fluorescence (Fig. 3B ) in primary cultured PASMC.
CPA-Induced Ca 2ϩ and Na ϩ Current Is Diminished By ENaC/ASIC Inhibition in Freshly Isolated and Primary Cultured PASMC
From a holding potential of Ϫ50 mV, the addition of CPA to the extracellular solution resulted in a transient (T) and sustained (S) inward Ca 2ϩ current under vehicle conditions that was similar in both freshly isolated (Fig. 4, A and B) and primary cultured (Fig. 4, D and E) PASMC. Preincubation with amiloride or benzamil abolished the transient current and largely diminished the sustained Ca 2ϩ current (Fig. 4, B and  E) . Steady-state Ca 2ϩ current was also examined in response to a voltage-step protocol (Ϫ80 to 80 mV) before and after the addition of CPA. I-V relationships generated from the voltagestep protocol revealed a significant reduction in the inward Ca 2ϩ current by amiloride or benzamil at potentials from Ϫ80 to 40 mV for freshly isolated PASMC (Fig. 4C ) and Ϫ80 to 10 mV for primary cultured PASMC (Fig. 4G) . Current density was similar between freshly isolated (Fig. 4C ) and primary cultured (Fig. 4G ) PASMC, and there was no time-dependent activation or inactivation of this current, suggesting the absence of VGCC activity in this preparation. In addition, the current-voltage relations revealed inward rectification of the Ca 2ϩ current with a positive reversal potential (E rev ; 45-60 mV) and a leftward shift in the E rev with amiloride or benzamil (10 -30 mV). The inward rectification and positive E rev are consistent with known characteristics of store-operated currents (46) .
Since ENaC/ASIC have high Na ϩ permeability and storeoperated Ca 2ϩ release-activated Ca 2ϩ (CRAC) channels are known to be permeable to monovalent cations in the absence of external divalent cations (3, 7, 32) , we examined CPA-induced Na ϩ current. CPA resulted in a sustained, but not transient, inward Na ϩ current in both freshly isolated (Fig. 5 , A-C) and primary cultured (Fig. 5, D-G ) PASMC held at Ϫ50 mV. Pretreatment of PASMC with amiloride and benzamil blocked store-mediated Na ϩ current (Fig. 5, B and E) . Furthermore, these inhibitors were found to acutely reverse CPA-induced Na ϩ current (Fig. S4, Online Supplement) . I-V relationships demonstrated an effect of both amiloride and benzamil to significantly reduce inward Na ϩ current at potentials from Ϫ80 to Ϫ60 mV in freshly isolated PASMC (Fig. 5C ) and Ϫ80 to 10 mV in primary cultured PASMC (Fig. 5G) . Interestingly, the CPA-induced Na ϩ current was considerably smaller in freshly isolated (Fig. 5, B and C) compared with primary cultured (Fig. 5, E and G) PASMC. Consistent with the characteristic I-V relationship of nonselective cation channels and previous reports of store-operated Na ϩ current through store-operated channels (33), CPA-induced Na ϩ current was ohmic with a E rev near 0 mV.
Expression of ASIC in the Pulmonary Vasculature
ENaC and ASIC expression has been identified in cultured VSM cells and in the cerebral, renal, and mesenteric vasculature (13, 15, 18, 25, 26) . However, their presence in pulmonary VSM has not been previously examined. Figure 6 depicts images obtained by confocal microscopy of ASIC-1, -2, and -3 with simultaneous SM␣-actin immunofluorescence in lung sections. ASIC1 (Fig. 6A) and ASIC3 (Fig. 6C) immunofluorescence was largely punctate in appearance, with ASIC1 showing clusters of intense fluorescence. In contrast, ASIC2 (Fig. 6B ) displayed a more diffuse expression pattern throughout the lung. Intense ASIC1 and ASIC2 immunofluorescence was present in airway epithelium. However, whereas ASIC1 was more robust at the apical surface of the epithelium, ASIC2 immunoreactivity was more homogeneous throughout the airway epithelial layer. ASIC3 staining appeared greater in both airway and arterial smooth muscle compared with airway epithelium. Colocalization of ASIC1 (Fig. 6A), ASIC2 (Fig.  6B) , and ASIC3 ( Fig. 6C) with SM␣-actin indicates the presence of ASIC within smooth muscle cells. In addition, all ASICs appear to be present in the vascular endothelium, evident by immunofluorescence on the luminal side of the internal elastic lamina (which autofluoresces).
In freshly isolated and primary cultured PASMC, ASIC1 appeared to be expressed throughout the cytosol, with more intense punctate/clustered immunofluorescence in subsarcolemmal (freshly isolated PASMC) and perinuclear regions (Fig. 7A) . In contrast, cytosolic expression of ASIC2 was diffuse in acutely isolated cells, but showed distinct perinuclear immunofluorescence in primary cultured PASMC and no observable punctate fluorescence at the cell membrane (Fig. 7B) . ASIC3 fluorescence was punctate throughout the cytosol, with nuclear immunofluorescence apparent in cultured cells (Fig.  7C) . Immunofluorescence for all three ASIC isoforms was nearly eliminated by preincubating each antibody with the appropriate control peptide (ϩAG; Fig. 7) , thus demonstrating the specificity of the anti-ASIC antibodies. In addition, omitting the anti-ASIC antibody (NP) before secondary antibody incubation revealed a lack of immunofluorescence (Fig. 7D) , further illustrating the specificity of the secondary antibody.
In addition to immunofluorescence, we examined ASIC expression using Western blot analysis. The addition of the control peptide (ϩAG) identified single bands for ASIC1, ASIC2, and ASIC3 in isolated pulmonary artery homogenates and primary cultured PASMC (Fig. 8A ). Western blot analysis was then used to validate knockdown of ASIC expression with siRNA in primary cultured PASMC (Fig. 8, B and C) . The siRNA silenced the targeted ASIC isoform without altering expression of the ASIC isoforms.
ASIC1 Mediates SOCE in Pulmonary VSM
To determine the involvement of the different ASIC subunits in SOCE, we used siRNA targeted towards ASIC1, ASIC2, and ASIC3 to selectively reduce the expression of each isoform in primary cultures of PASMC. As controls, we examined the effect of nontargeting (NT) siRNA or Lipofectamine alone. Transfection with ASIC1, but not ASIC2 or ASIC3, siRNA diminished SOCE measured by both Ca 2ϩ depletion/repletion (Fig. 9A) and Mn 2ϩ quenching of fura-2 ( Fig. 9B ) protocols. Consistent with these results, ASIC1 siRNA also attenuated the inward CPA-induced Ca 2ϩ (Fig. 10A ) and Na ϩ current (Fig.  10C) . Interestingly, the transient current in the transfected cells (Fig. 10A ) appears to be smaller than in nontransfected cells (Fig. 4E) , which may be an effect of the transfecting agent. The I-V relationships showed a significant reduction in the inward Ca 2ϩ current at potentials between Ϫ80 and Ϫ60 mV (Fig.  10B) and inward Na ϩ current at potentials from Ϫ80 to Ϫ10 mV (Fig. 10D ) in ASIC1 siRNA-transfected cells. In contrast, Ca 2ϩ current was unaltered by either ASIC-2 or -3 siRNA (Fig.  10B) . Furthermore, ASIC2 siRNA was without effect on CPAinduced Na ϩ current, and ASIC3 siRNA significantly reduced Na ϩ current at potentials from Ϫ80 to Ϫ70 mV (Fig. 10D) .
To further validate the role of ASIC1 in SOCE, we performed Ca 2ϩ repletion and Mn 2ϩ quenching of fluorescence experiments in small pulmonary arteries (Fig. 11, A-C) and primary cultured PASMC (Fig. 11, D and E) following pretreatment with the specific ASIC1a inhibitor, PcTX1. PcTX1 diminished changes in [Ca 2ϩ ] i and Mn 2ϩ quenching in both preparations similar to that observed with ASIC1 siRNA. Together, these data provide evidence that ASIC1 contributes to SOCE in pulmonary VSM.
DISCUSSION
The major findings from this study are: 1) ASIC1, ASIC2, and ASIC3 are expressed in pulmonary VSM; 2) the ENaC/ ASIC inhibitors amiloride and benzamil attenuate SOCE and associated constriction of small pulmonary arteries; 3) CPAinduced Ca 2ϩ and Na ϩ currents are inhibited by both amiloride and benzamil; 4) transfection with ASIC1 siRNA, but not ASIC2 or ASIC3 siRNA, decreases SOCE and both Ca 2ϩ and Na ϩ currents in pulmonary VSM; and 5) the specific ASIC1 inhibitor, PcTX1, similarly reduces SOCE and resultant vasoconstriction. The results from this study demonstrate a novel contribution of ASIC1 to SOCE in pulmonary VSM and advance our understanding of mechanisms regulating pulmonary VSM Ca 2ϩ entry. Although closely related in structure, members of the ENaC/ ASIC family participate in diverse biological processes including Na ϩ /water transport, acid sensation, neurodegeneration, proprioception, taste, learning, memory, mechanosensation, and chemoreception (16, 31, 43, 61) . ENaC and ASIC form nonvoltage-gated, cationic channels that are inhibited by triand divalent cations, such as Gd 3ϩ , La 3ϩ , and Ni 2ϩ (2, 30, 49, 54, 56) , all of which are known to also inhibit SOCE (46) . Recent studies demonstrate that multiple subunits for both ENaC and ASIC are expressed in VSM from cerebral, renal, and mesenteric arteries where they play an important role in mechanotransduction of the myogenic response and VSM migration (13, 15, 18, 19, 24 -26) . However, there is some functional heterogeneity of these channels among vascular beds. Whereas ENaC contribute substantially to myogenic constriction in cerebral and renal arteries, the role of these channels in myogenic constriction of mesenteric arteries is minimal (13, 24, 25, 26) . In addition, ENaC and ASIC are expressed in pulmonary VSM where there is little inherent myogenic tone. These findings suggest ENaC/ASIC may participate in other VSM functions.
Consistent with the notion that ENaC/ASIC have diverse functions in VSM, we found that amiloride and benzamil attenuated SOCE and CPA-induced Ca 2ϩ and Na ϩ current in pulmonary VSM. Although amiloride and benzamil are routinely used to inhibit DEG/ENaC family members (31) , there are a few issues with their use that are briefly discussed here but are further summarized in the online Supplemental data. While the autofluorescence of amiloride and benzamil at 340-to 380-nm wavelengths could complicate interpretation of VSM [Ca 2ϩ ] i measurements, we found that autofluorescence was similar for each wavelength, and the resultant fura-2 ratio was not significantly affected (Fig. S1 , online Supplement). In addition, in situ VSM [Ca 2ϩ ] i calibrations were not altered by either amiloride, benzamil, or PcTX1 (Fig. S1 , online Supplement). We provide evidence in the Supplemental data that inhibition of SOCE by amiloride and benzamil is unlikely due to nonspecific actions of these compounds to inhibit the Na ϩ / Ca 2ϩ exchanger (Fig. S2 , online Supplement). Changes in VSM [Ca 2ϩ ] i and vasoconstriction to the depolarizing stimulus KCl were also unaffected by amiloride or benzamil, suggesting that these inhibitors neither block VGCC nor interfere with detection of changes in VSM [Ca 2ϩ ] i using fura-2 at the concentrations employed (Fig. S3, online Supplement) . Additionally, amiloride has been shown to inhibit members of the transient receptor potential (TRP) channel family (1, 9, 22, 44) , which have been implicated in SOCE (46) . However, the concentration of amiloride required to block the activity of TRP channels is generally 10-to 100-fold greater (IC 50 ranging from 130 to 1,000 M) than the concentrations used in this study. In view of the potential complications with using amiloride and benzamil, and the lack of information these inhibitors provide about the specific family members and/or subunits contributing to SOCE, we additionally used siRNA approaches to identify the individual channel subtype(s) involved. Considering that the dose-dependent inhibition of SOCE presented in Fig. 1 is consistent with the IC 50 for current block of cloned ASIC (10 -100 M for amiloride and 10 M for benzamil), we examined the specific role of ASIC1, ASIC2, and ASIC3 in mediating SOCE. These studies revealed a role for ASIC1, but not ASIC2 or ASIC3, in mediating SOCE and CPA-induced Ca 2ϩ and Na ϩ current in pulmonary VSM. Our finding that the specific ASIC1a inhibitor, PcTX1, attenuated SOCE and Mn 2ϩ quenching of fura-2 fluorescence in both isolated pressurized arteries and primary cultured PASMC to a similar degree as ASIC1 siRNA further substantiates the contribution of ASIC1 to SOCE.
ASIC1 has gained considerable attention as the Ca 2ϩ -permeable subunit involved in ischemic stroke (62, 64) . ASIC1 is the only ASIC member that has been shown to conduct Ca 2ϩ ; however, the Ca 2ϩ permeability of ASIC remains difficult to determine precisely because Ca 2ϩ can either block or potentiate ASIC currents depending on the extracellular/intracellular Ca 2ϩ concentration and pH (31, 59) . Consistent with the notion that ASIC1 conducts Ca 2ϩ , the present study demonstrates that inhibition of ASIC1 either pharmacologically or by siRNA attenuates store-operated Ca 2ϩ current. Moreover, we observed amiloride-and benzamil-sensitive acid-induced currents, thus providing further evidence that ASIC form functional channels in pulmonary VSM (Fig. S5 , online Supplement).
CPA-induced Na ϩ current was additionally examined in PASMC because 1) ASIC are highly permeable to Na ϩ , and 2) the use of divalent-free solution has been previously used to obtain much higher store-operated conductance (21, 32, 37) . Consistent with these observations, we found that CPA-induced Na ϩ current was approximately fourfold greater than Ca 2ϩ current. In addition, increasing [Ca 2ϩ ] o inhibited CPAinduced Na ϩ current in PASMC (Fig. S6 , online Supplement), also a reported characteristic of store-operated current (11) . However, we indentified inconsistencies related to our Na ϩ current measurements, which suggest this monovalent current is not strictly related to SOCE. First, the Na ϩ current of freshly isolated PASMC was approximately threefold less than Na current, but did significantly reduce CPA-induced Na ϩ current. Together, these data suggest CPA-induced Na ϩ current may be distinct from the Ca 2ϩ current in this preparation. It has been reported in some instances that the monovalent whole cell current previously attributed to I CRAC is likely mediated by separate, non-CRAC channels (20, 34, 48) .
Distinct roles for stromal interaction molecule (STIM) and Orai protein have been defined in mediating SOCE and I CRAC (42, 52, 66) . Indeed, recent findings support a role for Orai1/ STIM1 mediating SOCE in VSM (10, 38, 47) . While there is considerable evidence from numerous laboratories that TRP channels exhibit store-operated activity (46) , it has been difficult to determine whether TRP channels are activated by store depletion or by various signals coinciding with depletion. Although several studies support a direct association between TRP channels and STIM1, including a study in pulmonary VSM cells (45) , others report little or no functional interaction between TRPC and STIM1 in VSM (10, 12, 39, 47) . Furthermore, studies by Li et al. (39) found that STIM1 interacts with a TRPC1-independent channel that contributes substantially to a nonselective cationic current evoked by store depletion. Although this channel is not yet identified, it is likely something other than Orai since it is nonselective, rather than Ca 2ϩ selective, in nature. It is possible this unknown nonselective cationic current is mediated by ASIC1; however, we have not determined whether ASIC1 and STIM1 interact.
We recognize that ASIC1 is probably not a genuine CRAC channel, but rather forms a distinct channel in pulmonary VSM that is sensitive to store depletion, which may also include many of the TRP channel family members. Consistent with the notion that TRP channels are activated indirectly by store depletion, recent studies suggest phosphatidylinositol 4,5-bisphosphate (PIP 2 ) activates SOCE through PKC-dependent phosphorylation of TRPC1 in freshly dispersed rabbit portal vein myocytes (53) . In addition, Lefkimmiatis et al (35) demonstrated that store depletion is coupled to enhanced cAMP accumulation and PKA activation through a process that involves STIM1. Interestingly, both PKC and PKA have binding sites on ASIC (4, 36) , and, therefore, may similarly facilitate ASIC activity during store depletion.
Regardless of whether ASIC1 is directly or indirectly activated by store depletion, our study has identified a unique role of ASIC1 to mediate Ca 2ϩ entry in pulmonary VSM. Enhanced SOCE has been shown to contribute to hypoxic pulmonary hypertension by facilitating Ca 2ϩ influx and increasing basal [Ca 2ϩ ] i in PASMC (40, 58) . Whether ASIC1 contributes to SOCE associated with hypoxic vasoconstriction and receptor activation in the normal or hypertensive pulmonary circulation remains to be established. Challenges of future studies are to identify the role of ASIC in pulmonary vasoregulation and potential mechanisms by which ASIC contribute to altered pulmonary VSM Ca 2ϩ homeostasis in pulmonary hypertension.
